Purpose: It is unknown how bladder smooth muscle cells sense extrinsic mechanical stimuli. The integrins are a large versatile family of transmembrane mechanoreceptors that transduce extracellular matrix (ECM) alterations into the cell, thereby, regulating proliferation, differentiation and ECM synthesis. To our knowledge we provide the first evidence that the integrins may be involved in responses to whole bladder distention and bladder smooth muscle cell stretch.
To our knowledge the mechanisms regulating bladder smooth muscle cell responses to mechanical stimuli are unknown. Clinically short circuiting prolonged bladder distention by intermittent catheterization is a urological axiom for managing bladders damaged by obstructive uropathy, neurological impairment or voiding abnormalities. 1 This practice underscores the belief that excessive stretch or prolonged distention are key factors driving recognized fibroproliferative injury to the bladder wall. Experimental distention or partial obstruction of the intact animal bladder 2 and mechanical stretching of bladder smooth muscle cells 3 have been shown to produce qualitatively comparable biological responses. However, it is unknown how bladder smooth muscle cells sense these mechanical stimuli.
Generally extracellular matrix (ECM) receptor molecules provide the physical link between cell membrane and surrounding structural ECM proteins, such as collagen and fibronectin. During filling bladder smooth muscle cells become stretched because they are physically attached to the ECM. Integrins are ECM receptors that provide a physicochemical link between cells and the ECM and, thereby, a means to sense alterations in the extracellular environment. The integrins are a large, versatile family of transmembrane mechanoreceptors which, with cell adhesion molecules and selectins, 4 transduce micro-alterations in the ECM environment into the cell. 5 Furthermore, growth factors can stimulate cell responses through integrins by mutual interaction or integrin clustering with growth factor receptors. 6 In addition, growth factors and ECM molecules, such as endothelin-1, fibronectin, vinculin and retinoic acid, can regulate the transcription of specific integrin subunits. Composed of heterodimers of ␣ and ␤ subunits, the integrins establish dynamic associations between cells and ECM proteins, such as collagen, laminin, fibronectin and vitronectin. Indeed, the integrins were named for their perceived function of integrating the cell surface to the cytoskeleton. 7 Despite extensive study in other cell systems no data exist regarding the role of integrins in bladder smooth muscle cell physiology. Given their role as mechanotransducers it is reasonable to speculate that integrins influence the responses of bladder smooth muscle cells to recurrent mechanical stresses that occur during clinical abnormalities involving bladder filling and emptying. To our knowledge we provide the first evidence that integrins may be involved in responses to whole bladder distention and mechanical stretch of bladder smooth muscle cells.
METHODS

Rat bladder distention.
All experiments and cell explantations were performed under a protocol approved by the animal care committee at our institution. Rat bladders were subjected to acute stretch injury by hydrodistention, as previously described. 8 Briefly, female Sprague-Dawley rats weighing 100 to 120 gm. were catheterized via the urethra under general inhalational anesthesia using a 20 gauge angiocatheter. A reproducible distention force was delivered to the bladder (wall stretch) for 5 minutes by filling the bladder with sterile saline to 40 cm. water pressure, as determined by a manometer attached to the catheter. Bladders catheterized but not distended served as negative controls. After distention the bladder was drained and the catheter was removed. At proscribed time points after the procedure the animals were re-anesthetized and the bladder was harvested immediately before sacrifice. Harvested bladders were flash frozen into liquid nitrogen for later mRNA analysis.
Mechanical stretch of bladder smooth muscle cells. Normal rat bladder smooth muscle cell primary cultures were derived, as described previously. 8 Controlled stretching of smooth muscle cells was performed on an especially designed apparatus (Flexcell Corp., Hillsborough, Connecticut). Smooth muscle cells (1 ϫ 10 5 per well) were allowed to adhere overnight on deformable tissue culture (carboxyl charged) silicone membranes in culture medium. Cells were stretched at a frequency of 0.17 Hz. (2 seconds of stretch, 4 seconds of relaxation for 6 cycles per minute for 20% elongation) for 4 hours. Control cells were plated in parallel plates but left unstretched. To assess the role of integrin function during mechanical stretch, linear and cyclic asparagine-glycine-arginine (RGD) peptides was added to smooth muscle cell cultures at 30 minutes before the start of the stretch period.
Reverse transcriptase-polymerase chain reaction (RT-PCR). RNA was isolated from snap-frozen bladder by the acid guadinium thiocyanate-phenol-chloroform method. Tissue was crushed under liquid nitrogen and homogenized with a Polytron (Kinematica AG, Lucerne, Switzerland) in Trizol (Life Technologies, Gaithersburg, Maryland). RNA was then precipitated in isopropyl alcohol, washed in ethanol and dissolved in dihexadecylphosphatidylcholine treated water.
RT-PCR was performed, as previously described. 9 RNA (2 g.) was transcribed into cDNA using Superscript II (Life Technologies). Oligo deoxythymidine (12) (13) (14) (15) (16) (17) (18) seconds, extension at 72C for 1 minute, and then 10 minutes at 72C were done. To compare the quantity of each amplification 10 l. reaction product were electrophoresed on 1.5% agarose gel. Band intensities of PCR products were measured under ultraviolet light using a GelDoc 1000 (BioRad Laboratories, Hercules, California) digital camera. Expression levels were analyzed using MultiAnalyst Software, version 2.1.2 (Biorad Laboratories) and normalized to GAPDH transcript levels. Observed band intensity measurements fell within a linear relationship to the amount of template DNA.
Cell cycle analysis. Bladder smooth muscle cell cycle analysis was performed using a modification of published methods. 10 Cells were plated in serum at 1 ϫ 10 5 cells per well in Flexcell plates (Flexcell Corp.) for stretch experiments and serum starved for 2 days. Stretched cells or unstretched control cells with or without RGD peptides were washed in phosphate buffered saline and treated with trypsinethylenediaminetetraacetic acid to collect cells. Cells were washed in phosphate buffered saline and fixed in 70% ethanol. The cells were re-suspended in 20 g./ml. propidium iodide and 1.8 g./ml. ribonuclease for 30 minutes on ice and analyzed with a Flow Activated Cell Sorter Scan flow cytometer (488 nm.). Approximately 10,000 cells per sample were sorted during analysis.
RESULTS
Acute bladder distention stimulated changes in integrin expression. To our knowledge functional bladder integrin mRNA expression has not been previously assessed. We examined how integrins are expressed in the context of bladder hyperdistention or stretch injury. As we reported previously, acute rat bladder distention to 40 cm. H 2 O in vivo produced transient injury characterized by detrusor fracturing and gross hematuria. A single stretch injury for 5 minutes revealed increases in temporal steady state ␤1, ␤3, ␣1 and ␣v integrin mRNA expression ( fig. 1) .
Brief sustained bladder stretch in vivo stimulated dynamic alterations in ECM gene expression. Since a function of integrins is to sense changes in ECM components such as collagen, we speculated whether gross alterations in integrin transcripts stimulated by stretch was accompanied by coordinate alterations in bladder collagen expression. Sustained stretch injury to the bladder resulted in relatively rapid alterations in mRNA levels of structural collagen types I and III. A single bladder hyperdistention stimulus produced sustained increases in steady state mRNA levels of types I and III fibrillar collagen ( fig. 2) . However, we observed contrasting profiles of types I and III collagen expression. At less than 24 hours the ratio of type I-to-III was less than 1. However, beyond 24 hours after stretch the ratio was reversed to greater than 1. The increase in collagen type III gene expression appeared to be more immediate and sustained.
Mechanical stretch altered mRNA expression of integrin subunits in bladder smooth muscle cells. In vivo bladders represent an intact epithelial-mesenchymal-matrix context in which to study biological responses to stretch. However, this approach does not reveal whether isolated bladder smooth muscle cells show alterations in integrin expression and function in response to mechanical stretching. In this study ␣v, ␤1 and ␤3 expression was selectively increased after 4 hours of cyclic mechanical stretch of bladder smooth muscle cells in vitro ( fig. 3 ). The expression of ␣1 decreased after 4 hours of stretch in culture, which may have been related to the minimal increase observed in the whole organ.
Integrins regulated mechanical stretch induced bladder smooth muscle cell proliferation. We next assessed the function of bladder smooth muscle cell integrins in a mechanical stretch context. Bladder smooth muscle cells were stretched in the presence of 2 different RGD peptides. In vitro all cells produce and interact with their secreted ECM proteins, which for bladder smooth muscle cells include collagen and fibronectin. 3 RGD peptides mimic the binding sites in collagen and fibronectin recognized by many discrete integrins, including those containing ␣v, ␤1 or ␤3 subunits. Cyclic and linear RGD peptides interfere with integrin function by competing for binding to cell surface ligands in the ECM. While stretch stimulated bladder smooth muscle cell proliferation in vitro (p ϭ 0.005, fig. 4 ), linear and cyclic RGD significantly inhibited stretch induced proliferation (p ϭ 0.0001). Proliferation in quiescent unstretched cells was also inhibited by linear RGD (p ϭ 0.0001). To our knowledge this observation represents the first evidence that the bladder smooth muscle cell-ECM interaction mediated by integrins is critical to the activation of growth processes during stretch.
The cell cycle is cooperatively regulated by mechanical stretch and integrins in bladder smooth muscle cells. To determine further how integrins may be participating in bladder smooth muscle cell growth we used fluorescence activated cell sorting to analyze the relative number of bladder smooth muscle cells in the various phases of the cell cycle during stretch and/or integrin blockade. Mechanical stretch alone for 4 hours produced an increase in cells entering G2/M (15% to 20%, p ϭ 0.006, fig. 5, A) . Cells in the apoptosis, S and G0/G1 phases were not significantly affected by stretching.
In unstretched bladder smooth muscle cells integrin blockade with RGD did not significantly affect the S, G0/G1 or G2/M phase but decreased the number of cells entering apoptosis (1.2% to 0.3%, p ϭ 0.04, fig. 5, A) . During stretch RGD significantly decreased cells in the G2/M phase (20% to 17%, p ϭ 0.03, fig. 5, A) . Conversely the proportion of cells in the resting phase (G0/G1), representing the majority of all cells at any point, appeared concomitantly increased (fig. 5, B) .
DISCUSSION
Excessive bladder distention and bladder smooth muscle cell stretch are believed to promote maladaptive tissue changes characterized by a fibroproliferative response. While it is universally assumed that bladder smooth muscle cells are stretched during filling, the molecules that provide linkage between them and the surrounding expanding matrix have not been investigated. We explored the role of the integrins, a large and ubiquitous family of transmembrane ECM receptors that mediate cell attachment to the matrix and function as prototypical mechano-transducers. We found that integrins are functionally expressed during brief sustained hyperdistention injury to the intact bladder in vivo. Furthermore, during distention changes in integrin expression and in fibrillar collagen gene expression occur in a coordinate fashion. In addition, cyclic mechanical stretch of bladder smooth muscle cells in vitro stimulates integrin expression and blocking integrin function inhibits stretch induced bladder smooth muscle cell proliferation. Furthermore, mechanical stretch and integrins have discrete effects on the passage of bladder smooth muscle cells through the cell cycle.
For cells to elongate during tissue stretch they must be physically attached to the investing ECM. The integrins are principle molecules for cell attachment to the ECM. 7 To our knowledge the function of the integrins in bladder smooth muscle cell physiology has not been studied previously. Only a single report describes the immunolocalization of integrin subunits ␣3, ␣v, ␤1 and ␤4 in the adult human bladder. 11 No previous assessment of bladder smooth muscle cell integrin function or relationships of bladder distention to matrix expression has been proposed.
We found that bladder hyperdistention modulated the expression of ECM collagen genes. The finding that bladder hyperdistention in vivo produced a type I-to-III collagen mRNA ratio of greater than 1 beyond 24 hours after injury is consistent with a ratio of greater than 1 in the only study to date of this relationship in chronic human fibrogenic bladder. 12 Our study indicates the first possible mechanistic basis for the ratio greater than 1 observed in the human tissue study.
These observations show that dynamic and potentially relevant alterations in ECM gene expression occur shortly after only a single bladder hyperdistention. Such temporal ECM expression patterns cannot be detected if tissues from fibroproliferative bladder disease are examined only in the established chronic state. Furthermore, these observations may reflect an additional and previously unidentified feature of the regulation of bladder ECM remodeling triggered by distention. The implications of these results are intriguing for understanding the mechanism of clinical disease, in which stretch injuries may be cumulative. Clinically repetitive or cumulative stretch injury may alter collagen gene expression and the matrix sufficiently to create new epitopes or binding sites recognized by integrins. 13 Our current studies are examining this possibility.
The ubiquitous nature of integrins and their function as canonical mechanoreceptors makes them relevant candidates for study in deciphering the regulation of the bladder smooth muscle cell response to stretch. The precise ␣␤ heterodimers (intact receptors) operating in the detrusor remain to be determined. It is known that ␣v and ␣1 bind collagen, particularly when it is altered or remodeled, and ␤1 and ␤3 are the principal ␤ subunits in ␣␤ dimers binding collagen and fibronectin. 7 Integrin expression was responsive to mechanical stretch in the whole bladder context and in primary culture bladder smooth muscle cells. Brief but constant bladder hyperdisten- tion as well as cyclical bladder smooth muscle cell stretching produced associated alterations in the expression of integrin ␤1, ␤3, ␣1 and ␣v subunits. This finding suggests that bladder smooth muscle cell integrins may be stretch responsive in vivo. Whether the changes in integrin expression observed are required for or are a response to the alterations in collagen expression is unknown. While they were similar, integrin expression patterns were not identical in the organ and in cells in 2-dimensional culture. Despite these differences these observations confirm the stretch responsiveness of these ECM integrin receptors in bladder smooth muscle cells. Whether in vivo and in vitro changes in integrin expression correlate physiologically is not yet known since in vitro mechanical stretching is cyclical (stretch-relaxation), in contrast to stretching in vivo, which is sustained (noncyclical) and interrogates integrin expression from all bladder cell types. In other systems a comparison of integrin expression in cultured smooth muscle cells versus tissue revealed discrete alterations in integrin profiles with the highest relative levels of ␣1, ␣3, ␣5 and ␣v integrins in tissue. 14, 15 Integrins can provide direct coupling of cells to the matrix and initiate intracellular signal transduction. Thus, an alteration in expression with stretch raises the possibility that subsequent intracellular responses in bladder smooth muscle cell growth and ECM gene expression may be mediated by integrin function. Since bladder smooth muscle cell integrin expression was affected by mechanical stretch, we explored the general role of integrins in bladder smooth muscle cell growth responses. The common peptide motif found in many ECM proteins, RGD, mediates many integrin-ECM interactions, 16 thus, allowing more than 1 ␣␤ dimer to act as a receptor for a given ligand. This motif and other peptide motifs that mimic it can inhibit integrin ligand binding 17 and have led to their widespread use in the interrogation of integrin function.
We speculate that ␣v and ␤3 integrins may be key ECM ligands regulating stretch induced proliferation in bladder smooth muscle cells. In the current study bladder smooth muscle cell stretch in vitro caused a significant increase in ␣v and ␤3 expression. The ␣v integrins can recognize the cryptic RGD binding sequences liberated during collagen breakdown. 18 Expression of ␣v integrin confers a prolifer- ative advantage in cells cultured on damaged collagen 18 and smooth muscle cell ␣v␤3 mediated proliferation after vessel injury is blocked by RGD peptide. 19 Further investigations to delineate the role of ␣v␤3 in stretch injury to bladder smooth muscle cells using mono-specific blocking antibody and antisense oligonucleotides are under way.
We also examined how stretch and integrin function may cooperate in the regulation of bladder smooth muscle cell proliferation using cell cycle analysis. Cells replicate by moving though highly predictable phases of growth (G1 and G2) and synthesis, culminating in their entry into mitosis (M), that is G1 to synthesis to G2/M. In all cells, including the bladder smooth muscle cells studied, the greatest proportion of resting cells always exist in G0/G1. To our knowledge this study represents the first cell cycle analysis of cultured bladder smooth muscle cells. We noted that stretch increased the number of cells entering the G2/M phase and decreased the proportion of apoptosis. A recent report of mechanical stretch in vascular smooth muscle cells suggested that stretch in fact inhibited proliferation by enhancing the number of cells in G0/G1. 20 While the vascular literature is conflicting in whether mechanical stretch inhibits 21 or promotes 22 smooth muscle cell growth, our observations provide new insight into the potential regulatory avenues affecting bladder smooth muscle cell growth in response to stretch since key protein families, such as cyclins and cyclin dependent kinases, as well as growth factors and cytokines are already known to regulate specific phases of the cycle.
The growth inhibitory effects of RGD peptides confirm the notion that integrins participate in key stages of bladder smooth muscle cell growth responses to mechanical stimuli. Integrins appear to have pleitropic effects on the bladder smooth muscle cell cycle. They blunt the entry of stretched cells into G2/M, increase the proportion of cells in the G0/G1 resting phase, and enhance the apoptotic effects of stretch. These observations suggest that key elements of the bladder smooth muscle cell growth response to stretch are potentially regulated by the cyclin dependent kinases, such as cdc2/ cyclin B, that are critical for entry into G2/M. For example, cdc2 expression is increased in dysregulated smooth muscle growth. 23 In addition, down-regulation of cdk2 by antisense oligonucleotides can prevent vascular smooth muscle cell hyperplasia in response to injury. 24 We are currently exploring the expression of the relevant cyclins in response to bladder smooth muscle cell stretch and integrin blockade.
CONCLUSIONS
The increasing appreciation that stretch modulates bladder smooth muscle cell growth and bladder fibroproliferative responses mandates additional studies of the mechanisms regulating this process. The long-standing recognition that integrins mediate many cell-matrix responses, including those to mechanical stimulation, ideally positions these transmembrane receptors as candidate molecular mediators of bladder smooth muscle cell growth responses. To our knowledge no functional analysis of integrins in bladder smooth muscle cells has previously been reported.
This study shows that whole bladder distention results in coordinate and dynamic alterations in ECM and integrin gene expression with time. We confirmed that isolated bladder smooth muscle cell cultures also show alterations in integrin expression after mechanical stretch. Furthermore, inhibiting stretch induced bladder smooth muscle cell proliferation with RGD peptides directly implicates integrins in bladder smooth muscle cell growth responses to mechanical stress. Finally in the first analysis of the bladder smooth muscle cell cycle we observed that stretch and integrins cooperate to affect discrete phases of the cell cycle, introducing the possibility that stretch induced bladder smooth muscle cell growth is regulated by critical cdc/cdk proteins activated during bladder smooth muscle cell-matrix interaction. Additional studies of integrin expression and function in the bladder may likely benefit our understanding of stretch mediated bladder disease.
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